Flavor mixing in the quark-squark-gluino coupling is studied for the minimal SU(5) SUGRA-GUT model and applied to evaluation of the nucleon lifetime. All off-diagonal (generation mixing) elements of Yukawa coupling matrices and of squark/slepton mass matrices are included in solving numerically one-loop renormalization group equations for MSSM parameters, and the parameter region consistent with the radiative electroweak symmetry breaking condition is searched. It is shown that the flavor mixing in the gluino coupling for a large tan β is of the same order of magnitude as the corresponding Kobayashi-Maskawa matrix element in both up-type and down-type sector. There exist parameter regions where the nucleon decay amplitudes for charged lepton modes are dominated by the gluino dressing process, while for all the examined regions the neutrino mode amplitudes are dominated by the wino dressing over the gluino dressing.
I Introduction
SU(5) supersymmetric (SUSY) grand unified theory (GUT) is an attractive candidate for the unified theory of strong and electroweak interactions. The analyses of the gauge coupling unification [1] suggest the validity of the minimal supersymmetric standard model (MSSM) just above the electroweak scale ∼ 100 GeV and the unification of SU(3)×SU(2)×U(1) gauge group into a simple SU(5) at the GUT scale M X ∼ 10
16 GeV .
One of the features of MSSM/SUSY-GUT is the existence of soft SUSY breaking. It gives quarks (or leptons) and their superpartners different mass matrices in the generation (flavor) space. In results, due to the discrepancy between the mass diagonalizing bases of quarks and those of squarks, a generation mixing occurs in the quark-squark-gaugino coupling (gluino coupling, in particular), which may give considerable contributions to the nucleon decay, flavor changing neutral currents (FCNC) and other various phenomena in SUSY-GUT. The flavor mixing in the gaugino coupling plays an important role in the nucleon decay, since its amplitude is dominated by the dimension five interaction followed by the gaugino "dressing" process [2] in the minimal SU(5) SUSY-GUT model. However, only a simplified treatment is made in the previous analyses of the nucleon decay [3, 4, 5, 6] , where the diagonal (in the generation space) gluino coupling is assumed leading to the negligible contribution from the gluino dressing process. The purpose of the present paper is to study the flavor mixing in the gaugino coupling extensively and evaluate the contribution of the gluino dressing process to the nucleon decay amplitude. Based on the minimal SU(5) supergravity (SUGRA-) GUT [7] , we assume that the soft SUSY breaking parameters are "universal" at the GUT scale [8] . We include all off-diagonal elements of Yukawa coupling matrices and of squark/slepton mass matrices in solving numerically one-loop renormalization group equations (RGEs) * for all MSSM parameters [10, 11] with the universal boundary conditions. We then evaluate the effective potential for the Higgs fields at the electroweak scale to find a consistent SU(2)×U(1) breaking minimum in accordance with the radiative electroweak symmetry breaking scenario [10] . The obtained mass matrices of all particles are diagonalized to evaluate the flavor mixing in the * Two-loop RGEs for soft SUSY breaking parameters are obtained recently [9] , which will be important for more accurate analysis.
gaugino couplings. The mass spectrum and the mixing are then used to calculate the nucleon decay amplitudes for various decay modes. It is found that the flavor mixing in the gluino coupling depends on tan β (ratio of vacuum expectation values of the Higgs doublets) and is roughly of the same order of magnitude as the corresponding Kobayashi-Maskawa matrix element. As for the nucleon decay, we find the gluino dressing process dominates the amplitude for the decay modes containing a charged lepton (and a meson) if tan β is large and if the gluino mass is much smaller than the squark masses. Note that the flavor mixing in the gaugino couplings is studied previously in a systematic analysis of FCNC [11] with a semi-analytic solution of the RGEs for small tan β (top Yukawa coupling ≫ bottom Yukawa coupling). On the contrary, our numerical method cover the whole range of tan β, since all Yukawa couplings are taken into account. The remaining part of this paper is organized as follows. After introducing in the next section the minimal SU(5) SUGRA-GUT model which we consider, we formulate the flavor mixing in the gaugino couplings in Sec. III. In Sec. IV the nucleon decay amplitudes are obtained with a careful treatment of the flavor mixing.
The outline of the numerical calculation and the results are presented in Sec. V and our conclusions are summarized in Sec. VI. 
II Minimal SU(5) SUGRA-GUT model
Here, ǫ ABCDE is the totally antisymmetric constant, f ij , g ij = g ji and λ are dimensionless couplings, M is a mass parameter and W Σ is a self-interaction superpotential for Σ A B . SU(5) symmetry is spontaneously broken down to SU(3) × SU(2) × U (1) with the nonvanishing vacuum expectation value of the adjoint Higgs Σ A B . Below the GUT scale, the model is reduced to MSSM with effective higher dimensional operators, which are obtained by integrating out the superheavy particles in Eq. (2.1). The effective superpotential is then written as
Here, Q, U and E are chiral superfields which contain left-handed quark doublet, right-handed up-type quark and right-handed charged lepton respectively, and are embedded in Ψ (to be specified in Eq. 
3) for simplicity. We assume that the soft SUSY breaking parameters satisfy simple relations at the GUT scale: 4) where the suffix "X" stands for the value at the GUT scale. The boundary conditions (2.4) are due to the minimal SUGRA model, where local SUSY is spontaneously broken in the hidden sector which couples to the observable sector (SUSY-GUT, in the present case) only gravitationally, and hence universal soft SUSY breaking terms are induced in the observable sector [8] .
Below the GUT scale, radiative corrections modify all parameters in the superpotential (2.2) and the soft SUSY breaking terms (2.3), as well as three gauge coupling constants g 1 , g 2 and g 3 for U(1), SU(2) and SU(3), respectively. The evolution of the parameters are described by the RGEs [11] . According to the radiative SU(2) × U(1) breaking scenario [10] , we numerically solve the RGEs down to the electroweak scale m Z and evaluate the effective potential for the neutral Higgs fields: 5) where Str means the supertrace and M includes all (s)quark and (s)lepton masses. Then the electroweak symmetry breaking condition
is imposed.
III Flavor mixing in the gluino coupling
In order to discuss the flavor mixing in the gluino coupling, we have to diagonalize the mass matrices for quarks and squarks. Throughout the calculation hereafter, we choose the basis in the generation space for the superfields so that the Yukawa coupling constants for up-type quarks and leptons should be diagonalized at the electroweak scale. The Yukawa terms in (2.2) are then written as
where the notation "ˆ" stands for a diagonal matrix and V KM is the KobayashiMaskawa matrix. All eigenvalues off D ,f L andĝ U are taken to be real positive.
Since this choice of the basis is different from that in the GUT superpotential (2.1), a re-diagonalization of the Yukawa couplings at the GUT scale is needed in order to find the unification condition of f D and f L and the relation between the Yukawa coupling constants and the dimension-five coupling constants C L,R . W Yukawa at the GUT scale is diagonalized with appropriate unitary matrices U
and U U :
The matter multiplets are accommodated into the SU(5) multiptets as 4) and the GUT Yukawa coupling constants in Eq. (2.1) are expressed with those in Eq. (3.2a) as
where P is a diagonal phase matrix which cannot be absorbed by field redefinitions in the colored Higgs coupling [13] . The origin of the flavor mixing in the gluino coupling lies in the difference between the mass basis for quarks and that for squarks. The mass matrix for uptype squarks is expressed as
where M U is the up-type quark mass matrix M ij U = g ij U v sin β andq u is the up-type component of the SU(2) doubletq. The squark mass matrix M 2 u is not diagonalized with the quark mass basis (3.1) since off-diagonal elements are induced in the soft SUSY breaking parameter matrices due to the renormalization effect. Squark mass basis is obtained by diagonalizing (3.6) with a 6×6 unitary matrixŨ U :
whereũ ′ I is the mass eigenstate of up-type squark. We define the numbering ofũ
such that the mixing ofũ I is the largest inũ ′ I . Accordingly we callũ
The mass bases of down-type squarks and charged sleptons are obtained in the same way with 6×6
unitary matricesŨ D andŨ E , respectively. Notice that no generation mixing occurs in the lepton/slepton sector since the right-handed (s)neutrino does not exist in the minimal model; the nonvanishing off-diagonal elements of the slepton mass matrix are left-right mixing components only. Consequently, quark-squark-gluino coupling is written as
with the definition ofŨ
u Li and d Li in (3.8) are left-handed quarks of mass eigenstates which compose the SU(2) doublet as 
IV Nucleon decay with dimension five operators
As mentioned in Sec. II, the nucleon decay amplitude in the minimal SU(5) SUSY-GUT model is dominated by the dimension five operators [2] induced by colored higgsino/Higgs exchanges. Since the dimension five operators are made from two fermion (quark/lepton) and two boson (squark/slepton) component fields, effective baryon number violating four-fermion operators are generated by one loop "dressing" diagrams which involve gauginos or higgsinos (see Fig. 1 ). In the present calculation, only the gluino dressing and the charged wino dressing diagrams are included; contributions from higgsino dressing diagrams are negligibly small due to the small Yukawa couplings of light quarks (u, d, s), compared to the SU(2) gauge coupling g 2 ; neutral wino and bino coupling have the same flavor mixing structure as that in the gluino coupling, hence their contributions are smaller than that from the gluino dressing. The dimension five coupling constants C L and C R of (2.2) at the GUT scale are written in terms of the Yukawa coupling constants (see (3.4) and (3.5)):
Note that this relation with the index "X" removed does not hold true at the electroweak scale. The effective baryon number violating four-fermion operators at the electroweak scale are written as
whereC ν,e are calculated as follows with use of the numerical values of C L and C R at the electroweak scale to be obtained through their RGEs, squark/slepton mass eigenvalues and the mixing matrices in the gaugino couplings ‡ :
J ‡ Contributions from C R 's and higgsino/neutralino dressings are estimated to be small and neglected in the present calculations. 
where U − , U + are 2×2 unitary matrices which diagonalize the chargino mass matrix and M α ± (α = 1, 2) are its eigenvalues:
The low energy QCD correction between m Z and 1 GeV is taken into account in order to evaluate the four fermion operators in the next section. The quark Lagrangian at ∼ 1 GeV is then converted to the hadron chiral Lagrangian with ∆B = ±1 terms [3, 14] with use of the matrix element 6) where N L is a left-handed proton wave function; it enables us to evaluate the partial lifetimes of the nucleon decay.
V Numerical calculations
According to the framework described in the previous sections, we calculate the flavor (and left-right) mixing in gaugino couplings and the nucleon partial lifetimes in a five-dimensional parameter space {m top , tan β, m 0 , M gX ,Ã X }, where a dimensionful A parameter is defined asÃ X ≡ A X m 0 . Actual calculations are made in the following procedure. At first, m top and tan β (at the electroweak scale) are fixed. Using the numerical values of light quark masses and the Kobayashi-Maskawa mixing angles given in literatures [12, 15] with the above fixed m top and tan β, we evaluate the Yukawa coupling constants at the electroweak scale (3.1). QCD corrections below the electroweak scale for quark masses other than m top are included at the one-loop level. Next, the RGEs for the dimensionless parameters i.e. , the gauge coupling constants and the Yukawa coupling constants are solved upward to the GUT scale with the boundary conditions at the electroweak scale. At the GUT scale, the Yukawa coupling constants are re-diagonalized to obtain the boundary conditions for the dimension-five coupling constants (4.1). Then the RGEs for the soft SUSY breaking parameters and dimension-five coupling constants are solved downward with the boundary conditions (2.4) and (4.1). Since the RGEs are linear for the dimensionful parameters, all soft SUSY breaking parameters at the electroweak scale are written as linear combinations of the initial parameters (m 0 , M gX ,Ã X ) and (0, 1, 1). Once the coefficients are obtained, the values of soft SUSY breaking parameters at the electroweak scale for given (m 0 , M gX ,Ã X ) are evaluated with the formulae (5.1), and it is easy to scan the three-dimensional parameter space {m 0 , M gX ,Ã X } for fixed m top and tan β with this method. The next step is to evaluate the remaining two parameters µ and B with the electroelectroweak SU(2) × U(1) symmetry breaking condition. The requirement that the minimum of the Higgs potential (2.5) gives the vacuum expectation values (2.6) leads to 
in most of the parameter space, while the corresponding offdiagonal elements ofŨ U are small: the mass matrices of up-type quarks, up-type squarks and down-type squarks are diagonalized in the same basis. This agrees with the conclusion of Ref. [11] where those mixing matrices are semi-analytically obtained with an assumption that the bottom Yukawa coupling is much smaller than the top Yukawa coupling, which is applicable for small tan β. On the other hand, for a large tan β, we find that nonvanishing off-diagonal elements in the left-left sector ofŨ U arises with the same order of magnitudes as V KM , which contributes significantly to the charged lepton decay modes (see below). Off-diagonal elements ofŨ ′ D are smaller than those for small tan β. The qualitative behavior of the mixing matrices is rather independent of the different values of m top .
Using the obtained values of superpartner masses and mixing matrices, we evaluateC's in (4.2) with the formula (4.3). We then take into account of the low energy QCD correction toC's at the one-loop level § . We take the chiral Lagrangian factors given in Ref. [3] to derive amplitudes of various decay modes from (4.2). A large uncertainty of the nucleon lifetime comes from the numerical values of β p and M C . β p is calculated with various methods [17] , which give 0.003GeV
and Ref. [3, 18] shows
Here, we take a small value of β p = 0.003 GeV 3 and a large value of M C = 10
17
GeV so that we have a longer nucleon lifetime for the safety of the later arguments. [19, 20] as
Our main concern is to study the contribution of the gluino dressing diagrams.
To do that, we compare τ (wino) with τ (total), where τ (wino) is a partial lifetime calculated with only the wino dressing diagrams taken into account and τ (total)
is that calculated with both wino and gluino dressing diagrams combined. The results for m top = 150 GeV are presented in Figs. 4a -4c . The nucleon decay amplitude is dominated by the wino dressing diagrams if τ (wino)/τ (total) ≈ 1, while it is dominated by the gluino dressing diagrams if τ (wino)/τ (total) ≫ 1. There occur cancellations between the wino dressing contributions and gluino dressing contributions in τ (wino)/τ (total) ≪ 1 region. The gluino contributions are small for any modes in the small tan β case. For large tan β, however, gluino dominant region is realized in the charged lepton modes. This is brought about by the following two reasons: (1) in the simplified analyses based on an assumption of the diagonal gluino coupling, the gluino dressing diagrams contribute only to the Kν modes due to the color antisymmetry in the dimension-five coupling [5, 6] . In the present case, the gluino coupling is not diagonal any more and hence the gluino dressing processes contribute to the decay modes other than Kν modes. The nonvanishing off-diagonal gluino coupling in the up sector for large tan β significantly contributes to the charged lepton modes. (2) furthermore, if the squark masses are much larger than the gaugino masses, the amplitude from the gluino dressing diagrams is enhanced by a factor of (α 3 (m Z )/α 2 (m Z )) 2 compared to that from the wino dressing diagrams, sinceF in Eq. (4.4) is asymptoticallỹ 4) and
because of the GUT relation of gaugino masses. Since (5.4) gives an overall suppression of the nucleon decay amplitude for m ≫ M (see Fig. 6b ), the dominant gluino contribution in Figs. 4b and 4c is realized in the long lifetime region (see Fig. 5 ).
Translating the scanned parameters (m 0 , M gX , A X ) into the MSSM parameters (md L , M 2 , µ) where we take md L , the down-type squark mass of the first generation as the typical squark mass, we plot the calculated points in the MSSM parameter space for m top = 150 GeV and tan β = 2 in Figs. 6a and 6b. The region A in Fig. 6a is excluded by LEP constraints on charginos and neutralinos [21] :
where χ ± is a chargino, χ is the lightest neutralino and χ ′ is a heavier neutralino.
No solution with radiative SU(2)×U(1) breaking is found in region B, which is a forbidden region. Points plotted with small dots are excluded due to the present lower bound for the proton lifetime τ (p → K + ν) > 10 32 yrs, giving the constraint of |µ| > ∼ 300 GeV. This constraint for µ is roughly unchanged for different m top and/or tan β. 
VI Conclusion
In this paper we have made a systematic analysis of the flavor mixing in the gaugino couplings within the framework of the minimal SUGRA-GUT. We have solved the one-loop RGEs for all MSSM parameters including off-diagonal Higgs coupling matrices with five input parameters, namely (m top , tan β) at the electroweak scale m Z and (m 0 , M gX , A X ) at the GUT scale M X , and we have numerically obtained full mass spectra and mixing matrices, which satisfy the radiative electroweak symmetry breaking condition. For a small tan β (tan β = 2), we have obtained a result consistent with the semi-analytic study [11] , in which the top Yukawa coupling is assumed to be much larger than other Yukawa couplings: the left-left sector of the generation mixing matrix in the down-type quark-squark-gluino coupling is approximately equal to the Kobayashi-Maskawa matrix, while the off-diagonal mixing matrix elements in the up-type gluino coupling are small. On the other hand, for large tan β = 10 and 30 where the bottom (and tau, for extremely large tan β) Yukawa coupling is not negligibly small compared with the top Yukawa coupling, we have found that nonvanishing generation mixing in the up-type gluino coupling occurs with the magnitudes comparable to the corresponding Kobayashi-Maskawa matrix elements. The generation mixing in the down-type gluino coupling is also changed considerably. We have applied the generation mixing to the calculation of nucleon decay widths to study the contributions from the gluino dressing diagrams compared with the wino dressing diagrams. In result, it is found that the gluino dressing diagrams give the dominant contribution to the decay mode containing a charged lepton if tan β ≫ 1 and M 3 ≪ mq (typical squark mass). For the charged lepton modes with small tan β, or the (anti-) neutrino emission modes with any tan β, the gluino contributions are relatively small. In those cases, the contributions from the gluino dressing are at most of the same order of magnitude as the wino dressing contributions. We have scanned the MSSM parameter space to find allowed regions with the present constraints given by the nucleon decay experiments and the accelerator experiments ¶ . The latter excludes the parameter region of small superpartner masses, and the former gives a strict bound to the masses of first and second generation squarks. We argue that the whole parameter region with md L < ∼ 1 TeV in the minimal SU(5) SUGRA-GUT model can be tested by Super-KAMIOKANDE.
Our method of calculations and the numerical result itself are adaptable to the analyses of FCNC in the minimal SUGRA model, which will be discussed elsewhere. The lepton in each mode has a lepton number −1 ("ν", "e" and "µ" mean ν, e + and µ + , respectively). "K" means a K meson with a s quark (K + or K 0 ).
ν without a suffix means the total of three neutrinos. The shaded region is excluded experimentally. If the data points with τ (n → K 0 ν) < 0.86 × 10 32 yrs are omitted, the minimum value of each mode is raised to the vertical line. The lepton in each mode has a lepton number −1 ("ν", "e" and "µ" mean ν, e + and µ + , respectively). "K" means a K meson with a s quark (K + or K 0 ). ν without a suffix means the total of three neutrinos. The shaded region is excluded experimentally. If the data points with τ (n → K 0 ν) < 0.86 × 10 32 yrs are omitted, the minimum value of each mode is raised to the vertical line. 
